Theory suggests the existence of neutrino masses, but little more. Facts are coming close to revealing our fantasy: solar-and atmospheric-neutrino data strongly indicate the need for neutrino conversions, while LSND provides an intriguing hint. The simplest ways to reconcile these data in terms of neutrino oscillations invoke a light sterile neutrino in addition to the three active ones. Out of the four neutrinos, two are maximally mixed and lie at the LSND scale, while the others are at the solar-mass scale. These schemes can be distinguished at neutralcurrent-sensitive solar-and atmospheric-neutrino experiments. [ discuss the simplest theoretical scenarios, where the lightness of the sterile neutrino, the nearly maximal atmospheric-neutrino mixing and the generation of Arn2o and Am2atm all follow naturally from the assumed lepton-number symmetry and its breaking. Although the most likely interpretation of the present data is in terms of neutrinomass-induced oscillations, one still has room for alternative explanations, such as flavor-changing neutrino interactions, with no need for neutrino mass or mixing. Such flavor-violating transitions arise in theories with strictly massless neutrinos and may lead to other sizeable flavor non-conservation effects, such as p --> e + ~/, /~ -e conversion in nuclei, unaccompanied by neutrinoless double-beta decay.
Introduction
Since the pioneering radiochemical experiments of Davis and collaborators, underground experiments have by now provided solid evidence for the solarand the atmospheric-neutrino problems, two milestones in the search for physics beyond the standard model (SM) [1] [2] [3] [4] [5] . Of particular importance has been the recent confirmation by the Super-Kamiokande Collaboration [3] of the atmospheric-neutrino zenith-angle-dependent deficit, which has marked a turning point in our understanding of neutrinos, providing strong evidence for u, conversions. In addition to the neutrino data from underground experiments there is also some indication for neutrino oscillations from the LSND experiment [12, 7] .
Neutrino conversions are naturally expected to take place if neutrinos are massive, as expected in most extensions of the standard model [8] . The preferred theoretical origin of neutrino mass is lepton-number violation, which typically leads also to lepton-flavor-violating transitions and to neutrinoless double-beta decay, so far unobserved. However, lepton-flavor-violating transitions may arise unaccompanied by neutrino masses [9, 10] extra-heavy leptons [11, 12] and in supergravity [13] . Indeed the atmosphericneutrino anomaly can be explained in terms of flavor-changing neutrino interactions, with no need for neutrino mass or mixing [14] . Whether or not this mechanism will resist the test of time it will still remain as one of the ingredients of the final solution, at the moment not required by the data. A possible signature of theories leading to FC interactions would be the existence of sizeable flavor non-conservation effects, such as # --4 e + 7, # -e conversion in nuclei, unaccompanied by neutrinoless double-beta decay. In contrast to the intimate relationship between the latter and the non-zero Majorana mass of neutrinos due to the blackbox theorem [15] there is no fundamental link between lepton-flavor violation and neutrino mass. Barring such exotic mechanisms reconciling the LSND (and possibly hot dark matter, see below) together with the data on solar and atmospheric neutrinos requires three mass scales. The simplest way is to invoke the existence of a light sterile neutrino [16] [17] [18] . Out of the four neutrinos, two of them lie at the solar-neutrino scale and the other two maximally mixed neutrinos are at the HDM/LSND scale. The prototype models proposed in [16, 17] enlarge the SU(2) | U(1) Higgs sector in such a way that neutrinos acquire mass radiatively, without unification nor seesaw. The LSND scale arises at one-loop, while the solar and atmospheric scales come in at the two-loop level, thus accounting for the hierarchy. The lightness of the sterile neutrino, the nearly maximal atmospheric-neutrino mixing and the generation of the solar-and atmospheric-neutrino scales all result naturally from the assumed leptonnumber symmetry and its breaking. Either ue-u~ conversions explain the solar data with v,-v~ oscillations accounting for the atmospheric deficit [16], or else the rSles of u~ and us are reversed [17] . These two basic schemes have distinct implications at future solar-and atmospheric-neutrino experiments with good sensitivity to neutral-current neutrino interactions. Cosmology can also place restrictions on these four-neutrino schemes.
2
Mechanisms for Neutrino Mass
Why are neutrino masses so small compared to those of the charged fermions?
Because of the fact that neutrinos, being the only electrically neutral elementary fermions should most likely be Majorana particles, the most fundamental kind of fermion. In this case the suppression of their mass could be associated with the breaking of lepton-number symmetry at a very large energy scale within a unification approach, which can be implemented in many extensions of the SM. Alternatively, neutrino masses could arise from garden-variety weak-scale physics characterized by a scale (~) = O(mz) where (a) denotes a SU(2) | U(1) singlet vacuum expectation value which owes its smallness to the symmetry enhancement which would result if (0) and m. -+ 0. One should realize, however, that the physics of neutrinos can be rather different in various gauge theories of neutrino mass and that there is hardly
